Verbal autopsy is a method for assessing probable causes of death from lay reporting of signs, symptoms and circumstances by family members or caregivers of a deceased person. Several methods of automated diagnoses of causes of death from standardized verbal autopsy questionnaires have been developed recently (Inter-VA, Tariff, Random Forest and King-Lu). Their performances have been assessed in a series of papers in BMC Medicine. Overall, and despite high specificity, the current strategies of automated computer diagnoses lead to relatively low sensitivity and positive predictive values, even for causes which are expected to be easily assessed by interview. Some methods have even abnormally low sensitivity for selected diseases of public health importance and could probably be improved. Ways to improve the current strategies are proposed: more detailed questionnaires; using more information on disease duration; stratifying for large groups of causes of death by age, sex and main category; using clusters of signs and symptoms rather than quantitative scores or ranking; separating indeterminate causes; imputing unknown cause with appropriate methods.
Background
Interest in causes of death for public health purposes goes back to the 17 th century in London, when "death searchers" were recording deaths in the population by weekly household visits, with the main target being to estimate mortality from the plague. Since then the needs to have an accurate assessment of causes of premature deaths have only increased. Such needs are well covered in developed countries by a combination of routine compulsory death registration and medical diagnosis of each death. In many developing countries, however, death registration is still incomplete and causes of death remain largely undocumented because many deaths occur outside health facilities. Uncovering the reasons behind causes of death is important, especially in these settings, since better knowledge of the leading causes of death can help formulate policies to combat these and evaluate current strategies and health programs.
Verbal autopsies (VAs) were developed to bridge this gap. At first, they were conducted in research settings by an in-depth interview with the family of the deceased person. A good example is the Narangwal research project in India, where the term "verbal autopsy" was coined in the early 1970s [1] . This approach was limited by its cost and by the potential bias of a single observer. The next step was to use systematic questionnaires on a detailed history of the disease, signs, symptoms, treatments and any contextual information, including risk factors. This approach was less costly, more objective and allowed for some kind of proof for the final diagnosis. Several questionnaires were developed in the late 1970s and early 1980s for maternal deaths in Egypt [2] , for neonatal and children deaths in Bangladesh [3] , and for all causes in Senegal [4, 5] , which were further developed and adapted to a great variety of situations. They were used in research projects, in Demographic Surveillance System (DSS) sites such as Agincourt in South Africa [6] [7] [8] , and soon were tried on representative samples of national populations as early as 1988 in Morocco [9] [10] [11] , in a few Demographic and Health Surveys (Ghana 2007; Afghanistan 2010), and now on a very large scale in countries such as Mozambique, India and China.
The large scale application of verbal autopsies raises two issues: the quality and details of the questionnaire and the method of analyzing its content in order to reach a probable cause. Two types of methods for analyzing the questionnaire content are available: the first type is a judgment made by expert physicians and the second type is by use of an automated computer program. The first method can be relatively costly on large samples, may be slow if not enough human resources are available, and may not be fully replicable because of observer bias. Its main advantage lies in the ability of experts to make a judgment based not only on the strict reading of signs and symptoms but also on the local context, as well as on the feeling of whether the questionnaire has been properly filled out or not. The second method has the opposite advantages and disadvantages: low cost, fully replicable, but largely blind to the context and quality of information. Ideally, one would like a method both efficient and precise. The Niakhar project in Senegal, which was instrumental in developing verbal autopsy questionnaires, tried, in the mid-1980s, to develop automated diagnoses using a LISP (List Programing) artificial intelligence program. However, this project was stopped because, in order to supply the program with all the information necessary to make an automated diagnosis one had to complete a first analysis of the questionnaire and to recode numerous items, so that at that point the diagnosis was already made by hand. This did not mean that automated methods were not appropriate, but simply that they needed more preparatory work.
New methods of automated diagnosis
A series of articles [12] [13] [14] [15] [16] in BMC Medicine has assessed some recently developed methods of automated diagnosis of questionnaire-based verbal autopsies. The main objectives of these automated methods are to use them on a large scale and to provide a profile of causes of death in a population for a variety of purposes, in particular, health information, evaluation of health programs and planning health interventions. Therefore, assessment of their performance is vital. The following automated methods were assessed: 1) "Inter-VA" was developed by Peter Byass and colleagues [17] and was improved over the years. The current version 4 is based on positive answers to a fixed list of 245 signs and criteria, from which a program computes the likelihood of a cause, and selects the cause with the highest likelihood. The program also allows for "indeterminate" causes. 2) The "Tariff" method was developed by PHMRC, (Population Health Metrics Research Consortium) [18] , and is based on similar considerations: a list of signs and criteria is weighted for each cause using empirical data, the weights are summed for each possible cause, the possible causes are then ranked and the most probable is selected. This method does not allow for indeterminate causes.
3) The "Random Forest" method, also developed by PHMRC [19] , is an application of a more general "random forest" procedure, a statistical method of classification based on branching trees. In this case, the classification strategy is based on a learning process from a reference set matching known causes with signs and symptoms, the nodes being based on criteria distinguishing between two causes. The final cause is also based on ranking possible causes. This method allows for multiple causes of death, but seems highly sensitive to any misreporting of a single sign, which may lead to a wrong branch in the tree. 4) The "King-Lu" method was developed by Gary King and Ying Lu [20] . It aims at providing a distribution of deaths by cause from a distribution of signs and symptoms in the population (and not individual causes as for the other methods), through a complex statistical procedure linking causes with signs and symptoms from a reference set.
Performance of the automated methods
The quality of automated methods can be judged by their statistical performances and, in particular, by comparison with a gold standard, such as a hospital-based medical diagnosis. Several criteria of performance can be used, in particular, sensitivity (proportion of true diagnosis correctly assessed by VAs) and positive predictive value (proportion of VA diagnosis matching the reference set). Specificity and negative predictive values are usually minor issues in this case because of the large number of alternative diagnoses. Articles by Chris Murray et al. [16] and by Prabhat Jha and colleagues [12] [13] [14] [15] explore the performance of these automated methods. They basically compare the final diagnosis made by verbal autopsy with the hospital diagnosis taken as the reference.
Sensitivity and positive predictive values
The reports in this collection of papers are not very encouraging with respect to sensitivity and positive predictive value. Automated diagnoses of VAs, even when including additional information from the health system, appear to have abnormally low values for certain diseases assumed to be easy to diagnose: for instance, sensitivity of less than 50% for congenital defects, less than 40% for pneumonia of the new-born, less than 60% for prematurity, less than 40% for children's diarrhea, less than 50% for children's pneumonia, less than 50% for adult asthma or epilepsy, and so on. When properly conducted, physician-based assessments can reach much higher values (for example, >75%) for typical neonatal conditions, infectious and parasitic diseases of children, maternal deaths, external causes and selected non-communicable diseases with typical signs, as shown in the Morocco and Agincourt validation studies [7] [8] [9] [10] . In this respect, some of the values reported by Murray et al. [16] for physician diagnoses appear abnormally low: sensitivity of 41% for congenital defect, 39% for measles, 38% for children's pneumonia, 45% for accidental fall, 62% for maternal deaths, 34% for epilepsy, 47% for asthma, and so on, which suggest that the questionnaires used were not optimal.
Therefore, several issues need to be addressed here: whether the problems come from the questionnaire (insufficiently detailed), from the recoding (inappropriate), from the lack of expertise of the physicians, or from the automated procedure. There is obviously room for significant improvements in the future.
Blind assessment from data mining methods
Another issue of automated diagnoses is the blind assessment in a long list of possible causes from a long series of signs and symptoms using data mining methods. In reality, many causes can be quickly excluded from specific criteria. For instance, if the death is due to a snake bite or to a car accident, there is no need to search for infectious causes: only the timing of death is necessary to make a final assessment. If the death is that of a neonate or is a maternal death, the list of possible causes should be limited to the corresponding causes in the International Classification of Diseases (ICD). These choices could be made with proper recoding of the questionnaire, or using filter questions during the interview.
The PHMRC Gold Standard
The "PHMRC-gold standard" for verbal autopsies was developed by the Population and Health Metrics Research Consortium, and was made available for public use in October 2013. It is based on a large sample of some 12,000 hospital diagnoses for which verbal autopsies are also available. This sample has a huge potential for testing automated diagnosis procedures. However, it has a number of limitations. First, this is a sample of deaths that occurred in a hospital and for which a diagnosis was made. Therefore, a number of diseases causing death in populations are excluded for a variety of reasons: selection of the populations on which samples are based; exclusion of causes unlikely to lead to death when properly treated in hospital; ignorance of some underlying causes for which only the immediate cause can be identified in the hospital. Second, the final coding of the cause is selective because of the grouping of many causes into an "other cause" category, not counting the fact that some ICD codes used by PHMRC could be misleading (A16, G18, H61 and so on). Third, some typical causes, easy to diagnose by verbal autopsy, are not considered. Fourth, the coding into a grouped cause and two co-morbidity causes (many identical) is not conventional, and differs from the recommended coding procedure into underlying, immediate and contributing cause. As a result, some critical causes of public health importance are not in the final list (cholera, whooping cough, neonatal tetanus, severe malnutrition, kwashiorkor, marasmus and so on). Some causes probably well assessed in the hospital and in the VAs are lumped together in a residual category. With respect to maternal mortality, the distinction between obstetric and non-obstetric causes is difficult, because many seem to be classified under "other pregnancy-related deaths". Some of these problems are discussed in Peter Byass's paper [21] , in particular the issue of case definition for stillbirths and maternal deaths and the possible confusion between underlying causes and immediate causes.
Prospects for further work
Much has been learned on verbal autopsies over the past 40 years, but much remains to be improved. Not enough work has been conducted on proper questions to be asked. In particular, the list of questions should not be too short; otherwise, it is difficult to exclude alternative diagnoses. Questionnaires should also be prepared for easy coding and recoding, and allow not only "Yes" and "No" answers, but also "Unknown" or "Missing value". Computerized questionnaires to be answered in the field with the help of laptop or hand-held (Palm or Personal Digital Assistant) computers could also be developed, with all the necessary filters and branching.
Automated procedures should take into account all the information in the questionnaire and, in particular, should do a first screening on broad categories of causes based on age and sex and on history: neonates, other children, maternal, other adults; communicable, non-communicable, external causes. Then the strategy should be to focus on assessing proper causes within each category.
Most of the available algorithms make little or no use of the duration of the disease. This is, however, crucial information for identifying certain causes, such as cholera, cerebral malaria or stroke.
VAs are not expected to identify all causes in the ICD, which is the standard diagnostic tool for epidemiology, health management and clinical purposes. A category of 'indeterminate' is necessary for several reasons: the questionnaire may not be complete or accurate enough to make an assessment; the case may be too complex (several pathologies involved); or the pathology may not be identifiable from interviews. Distributing the indeterminate causes among a list of causes of interest is a separate issue that deserves special care and an imputation strategy.
Some of the procedures mix signs and symptoms with risk factors. These should usually be treated and analyzed separately as risk factors, unless they are critical for the diagnosis (such as working in mines for silicosis).
A cluster of signs and symptoms corresponding to a cause, even when imperfect, and exclusion of other clusters, are probably better pieces of evidence for making a final assessment than scores or branching trees. In this respect, new methods could focus on typical clusters based on critical signs (compulsory or exclusive), and additional signs (adding evidence, optional).
Conclusions
The work on VAs is important for public health. The Moroccan experience [9, 10] is illustrative: the VAs conducted in 1988 quickly revealed that neonatal tetanus was a leading cause of death in the country. When this was presented, the Ministry of Health embarked on a major campaign to eliminate neonatal tetanus, a goal achieved within a few years and certified in 2002.
Even when imperfect, with sensitivity notably lower than 100%, VAs can still be used efficiently for monitoring progress or emerging issues when used in a time series. This simply assumes that the quality of the diagnosis remains constant over time. In this respect standardized questionnaires and automated diagnoses are major assets for ensuring consistency over time. For instance, progress in the control of many infectious diseases (tetanus, measles, whooping cough, cholera, HIV/AIDS, tuberculosis and so on) can be easily monitored by VAs. Progress (or lack thereof) in maternal mortality can also be easily monitored, and information on causes of death is crucial to separate true maternal causes from other pregnancy related deaths [22] . Certain non-communicable diseases can also be easily monitored, such as epilepsy, asthma, kwashiorkor, marasmus, stroke and so on. Some more complex diseases can also be monitored when additional information on medical diagnosis and treatment is available, as is the case for diabetes and hypertension. External causes, such as domestic accident, road traffic accident, snake bites and so on, as well as homicides, deaths from civil unrest and suicides can also be easily captured by VAs.
In the absence of a complete death registration and medical assessment of causes of death, recording VAs on representative samples of deaths in populations remains the only way to obtain this important information.
